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Different morphologies of graphene can provide a great potential for applications of graphene-
based nano-devices and functional nano-materials. Using molecular dynamic simulations, we show
that by altering the temperature, one can induce unfolding of short (length less than 50 nm)
scrolled or folded graphene to a planar state. The mechanism of these phenomena is that
temperature modifies the stability of these unclosed structures. We show in particular that
morphology transformation of graphene is not explained by the change of the potential energy
of the system, but rather it can be explained by a free energy analysis based on thermal dynamics.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879295]
I. INTRODUCTION
Graphene exhibits diverse morphologies that include
planar, scrolled, and folded topologies.1–4 Although the pla-
nar sheet is the most common form, scrolled and folded
morphologies of graphene have attracted great interest
because of their amazing physical properties. For instance,
scrolled graphene (also called carbon nano-scrolls, CNSs)
may possess tunable electronic, mechanical, and optical
properties due to its unique tunable core size,1,5–8 while
folded graphene (FG) can exhibit novel thermal, electric,
and magnetic properties due to its various interlayer stack-
ing registry and closed edge.1,9–12 These fantastic properties
allow CNSs and FG to find enormous potential applications,
such as hydrogen storage medium,12,13 water and ion chan-
nels,14,15 nano-oscillators and nano-actuators,5,16,17 and
thermal and electronic building blocks.10,11
Despite their great potential, direct manufacturing of
CNSs and FG with specific geometry remains a great chal-
lenge. Many efforts have devoted to fabricating CNSs and
FG using planar graphene by various stimuli at different con-
ditions. Carbon nanotubes (CNTs)18,19 can initiate planar
graphene to form CNSs. Nano-ribbons and planar graphene
can self-assemble to CNSs of different sizes and at different
temperatures.20,21 Different supporting substrates may affect
the formation of CNSs from planar graphene,21,22 and cause
the folding of graphene.23 Many other factors including
chemical modifications,21,22,24 surface dopants,25 heavy
ions,26 and laser ablation27 can also lead to the formation of
CNSs and FG. Adhesion and friction can be used to control
localized folding in supported graphene.28 The folding of
graphene sheet under mechanical strain has been investi-
gated by Zheng et al.,9 Pang et al.,29 and Zhang et al.30
When a CNS or FG is fabricated and supposed to per-
form its function, a main concern is whether they are stable
at its working environment. Enormous studies have been car-
ried out to investigate the stability of the CNS or FG. The
static stability of free-standing CNSs is well investigated by
molecular dynamics (MD) simulations and analytical mod-
els.5,6,15 The relation among the surface energy, bending
stiffness, and geometry parameters of CNSs is closely exam-
ined, based on the balance between the elastic bending
energy and the interlayer van der Waals (vdWs) interac-
tion.5,15 The stability of FG depends heavily on the folding
length,31–33 as well as the temperature.24,34 Graphene with
bonded bilayer edges is stable, and can maintain folded sta-
tus at high temperatures.4 In general, structures and materials
may be thermally unstable, and thus temperature is a key
dominant factor for the stability of CNSs and FG. Although
temperature effects on the formation of CNSs and FG have
been extensively studied,4,20,21,24 existing studies on the sta-
bility of CNSs and FG are focused only on the comparison
of potential energy between the scrolled and planar,5,6,15,20
or folded and planar topologies.24,31,32
Motivated by previous MD simulations35 and subse-
quent experimental observations36 on the structural stability
of CNTs, which showed that temperature can induce a trans-
formation from the collapsed state of a CNT (analogous to a
FG with double closed edges37) to a circular state, herein we
perform systematic MD simulations to investigate the tem-
perature effects on the stability of CNSs and FG. We demon-
strate that temperature can be a dominant factor for the
stability of CNSs and FG: a short CNS or FG stable at room
temperature can unfold at a high temperature. We find that
the temperature induced unfolding of CNSs and FG cannot
be explained simply by the change in the potential energy of
the system, because temperature can modify the free ener-
gies and thus the stable state of these unclosed structures.
II. METHODOLOGY
The MD simulations are carried out using Brenner’s
second generation reactive empirical bond order (REBO)
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potential.38 The long range vdWs interaction is described by
Lennard-Jones 12-6 potential with a well-depth energy of
e ¼ 4:7483 1022 J and an equilibrium distance of
r ¼ 0:3407 nm. The temperature of the system is controlled
by the Berendsen thermostat so as to account for the thermal
effect. A time step of 0.5 fs is adopted in all the MD simula-
tions. A long time of 10 ns is chosen for every MD simula-
tion to check the dynamic stability of CNSs and FG. All the
dangling bonds in the graphene are passivated with hydrogen
atoms (except for the edge atoms near the periodic bounda-
ries) so as to avoid the bond formation between edge atoms
in the adjacent layers.20,21
III. TEMPERATURE-INDUCED UNFOLDING OF CNSs
A. Structure of CNSs
The initial configurations of CNSs used in our computa-
tion are designed to take the form of an ideal scroll, as shown
in Fig. 1. When the width W is very small, the CNSs are
often called scrolled nano-ribbons. The initial core radius of
the scroll is approximately r  0:4 nm, and the interlayer
spacing is t ¼ 0:34 nm. The length of CNSs is given by15,17
L ¼ 2prN þ ptN2, where N is the number of coils. Before a
simulation, the initial structure of a CNS is relaxed to reach
the minimum structural energy state.
To investigate the effect of the end restraints on the sta-
bility of a CNS, we consider two extreme conditions. One is
the free standing CNS, whereas the other one is the fixed-end
CNS (two lines of atoms, in pink, on the outer end of the
CNS are fully fixed, see Fig. 1).
From a static viewpoint and without the temperature
effect, the structural stability of a CNS is a result of the
balance between the elastic bending energy of the rolled-up
graphene sheet and the vdWs interactions among adjacent
layers.5,15 There is an equilibrium core radius r if the four
dominant parameters (the length, interlayer spacing, bending
stiffness, and surface energy per unit area) are constant,5,15
as shown in Fig. 2(a).
When the thermal effect is considered, even at a low
temperature, a CNS undergoes thermal vibration and thus its
core radius is not a constant. At an extremely low tempera-
ture, a CNS may still maintain its scroll-like configuration,
which can still be described by a potential energy analy-
sis.15,20 As shown in Figs. 2(b)–2(d), the core radius of the
CNS dynamically changes around the stable equilibrium
core at 10K.
However, when the temperature exceeds a critical value,
the CNS unfolds and its scroll-like configuration is
destroyed. As illustrated in Fig. 3, a (41, 0) CNS with a width
of 1.2 nm expands fully to a nano-ribbon at 1000K, and the
scrolled formation is completely disrupted. This indicates
that the CNSs may be transformed into a planar state at high
temperatures. This property can be exploited to produce gra-
phene ribbons from CNSs, or be used in thermal-sensitive
devices like temperature alarms or switches. This also
implies that the thermal effect should be considered when a
CNS is used as a nano-device.16,17 In addition, the tempera-
ture should be kept lower than the critical value when fabri-
cating CNSs from graphene ribbons.18–21 As expected, the
process is irreversible and re-scrolling cannot occur by sim-
ply lowering the temperature.
FIG. 1. A typical construction of a CNS. (a) Top view. (b) Side view. R is
outer radius, r inner radius, t interlayer spacing, andW width.
FIG. 2. Static and thermodynamic states of a CNS. (a) Static equilibrium
state without thermal effect. (b)-(d) Thermal vibrational states of a CNS at
10K: inner radius changing around its equilibrium value.
FIG. 3. Process of unfolding/expansion of CNS induced by temperature.
CNS first oscillates thermally (a)-(c), then starts to unfold (d), and finally
fully expands to a planar sheet (e).
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In order to obtain a better understanding of the tempera-
ture effect on the unfolding of CNSs, various CNSs under
different temperature environments will be systematically
studied in Secs. III B and III C.
B. Free standing CNSs
In Fig. 4(a), we show the variation of the critical temper-
ature Tc (above which a CNS expands to a planar state) as a
function of the length of the free standing CNSs. We can see
that, with an increase in the length, Tc increases significantly.
For instance, the critical temperatures of a CNS with a peri-
odic boundary condition (PBC) in the width direction (which
can be viewed as the CNS with an infinite width) are about
2300 and 550K when the lengths are 25 and 10 nm. When
the length is about 5 nm, Tc tends to be zero. This means that
a CNS with a length of 5 nm or shorter cannot maintain its
scrolled configuration.5,6,15 These results imply that longer
CNSs are more stable than shorter ones, and a CNS with an
extremely small length (say, less than 5 nm) does not exist in
a stable state, which is consistent with the results produced
from static analysis.5,6,15
It is also seen from Fig. 4(a) that a CNS with a larger
width has a higher Tc, indicating that a wider CNS is more
stable than a narrower one, and the CNS with PBC in the
width direction shows the highest stability. For instance, at
the length of 7.7 nm, the critical temperatures of CNSs with
a width of 5, 10 nm and infinity are 50, 80, and 110K. For a
larger length of 25 nm, the critical temperatures of CNSs
with the three different widths are 950, 2000, and 2300K.
We also find that the critical temperature of a CNS with a
length of 40 nm and a width of 10 nm is as high as 2500K.
To get a better understanding of the relationship
between Tc and the CNS width, Fig. 4(b) depicts the varia-
tion of Tc as a function of width for the free standing CNSs
with a fixed length of 20 nm. It is seen from Fig. 4(b) that Tc
increases sharply with respect to the width when the width is
smaller than 6 nm, but the critical temperature increases
slowly thereafter. The width effect on the structure stability
of CNSs can be explained by the edge influence in graphene.
We can see that a square graphene with a side length smaller
than 10 nm has a strong geometrical impact from its
edges.39,40 When the side length is larger than 10 nm, the
edge effects nearly fade away, which is consistent with the
theoretical prediction.39,40
C. Fixed-end CNSs
In Figs. 5(a) and 5(b), we present the variations of Tc
with respect to the length and the width of fixed-end CNSs
FIG. 4. (a) Critical temperature versus the length of free standing CNSs with
different widths. (b) The critical temperature versus the width of free stand-
ing CNSs with different lengths.
FIG. 5. (a) Critical temperature versus length of fixed-end CNSs with differ-
ent widths. (b) Critical temperature versus width of fixed-end CNSs with dif-
ferent lengths.
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(i.e., the atoms in the outer two lines are fixed). The critical
temperature of a fixed-end CNS is smaller than that of a free
standing one (see Figs. 4(a) and 4(b)) with the same geome-
try, indicating the pronounced effects of the boundary condi-
tion. The influences from the length and width on Tc for
different boundary conditions are similar as elaborated in
Sec. III B.
IV. TEMPERATURE-INDUCED UNFOLDING OF FG
Similar to the case of CNSs, FG will be unfolded by the
pure thermal effect when the temperature is higher than a
critical value Tc. Since there are various morphologies of
FG,3,4,29 we shall investigate a typical case of a planar gra-
phene being folded into a double layer structure as shown in
Fig. 6.
In all these MD simulations, the PBC is applied in the
width direction of the FG. In Fig. 7, we present the relation-
ship between Tc and the length for a free standing graphene
that has been folded into a double layer morphology. It is
shown that the critical temperature Tc increases with increas-
ing length. We note that Tc of a FG with a length of 5.2 nm
is close to 0K. This means that the planar graphene with a
length smaller than 5.2 nm cannot be folded into a stable
double layer morphology, which is consistent with previous
studies31,32 where mechanical strain24,30 is used to trigger
the morphology transformation. If we regard collapsed
CNTs with large diameters as closed-edged graphene,37 the
present results are consistent with the previous study of
temperature-induced reversible morphology change in
CNTs.35
In addition, it is found that the Tc of FG with length of
50 nm (the overlap length is less than 25 nm as shown in
Fig. 6) and PBC in width is up to 2350K (see Fig. 7), indi-
cating that FG with a relatively long length (say, more than
50 nm) is very stable.4
V. MECHANISM ANALYSIS AND DISCUSSION
Why temperature can induce the unfolding of the CNSs
and FG? From an energy viewpoint, the unfolding process
decreases the free energy of the system since the system by
nature tends to adopt a lower energy configuration.21,35,41
Many previous studies5,15 showed that CNSs with a
sufficiently large width (e.g., PBC is applied in the width
direction) have system potential energies smaller than its pla-
nar graphene counterpart. Based on this discovery, one may
conclude that CNSs are more stable than their planar config-
urations. However, we find that the stable states of these con-
figurations cannot be identified solely by simply comparing
the system potential energies between the planar and scrolled
configurations. As shown in Fig. 8(a), the potential energy of
FIG. 6. (a) Topology of a planar graphene, L is the length. (b) Double layer
structure of a FG.
FIG. 7. Critical temperature versus length of free standing FG with periodic
boundary condition in width direction.
FIG. 8. (a) Potential energy per atom versus temperature in folded, scrolled,
and planar graphene with periodic boundary condition. (b) Illustration of
variation of free energy versus temperature.
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planar graphene is larger than those of scrolled. Even at a
high temperature level, the scrolled graphene have a smaller
potential energy than their planar counterpart although they
are unstable. Certainly, the thermal effect must be taken into
account to clarify the mechanism.
Here, similar to a previous work,35 we qualitatively
elucidate the existence of a critical temperature and the
mechanism of expanding CNSs based on the theory of
thermodynamics and statistical physics. At 0 K, the free
energy is equal to the potential energy since there is no
involvement of thermal effect. As shown in Fig. 8(a), the
potential energy (also the free energy) of a CNS is lower
than that of its expanded formation (planar graphene).
This means that a CNS is more stable than a planar gra-
phene, a fact that is consistent with the results obtained
from static analysis based on the potential energy
analyses.5,6,15
A CNS has less freedom in the phase space (X) than its
expanded formation because the atoms of the CNS are addi-
tionally constrained by the adjacent layer due to the vdW
interaction. In other words, the atoms in the CNS have less
state than that in the expanded formation, thus the system
configurational entropy is smaller than that of its expanded
formation. Define free energy F¼E-TS as a function of the
state of a system,42 where E is the energy of a system in the
equilibrium state, T is the temperature, and S is the entropy.
The work done on a system is equal to the variation in its
free energy in a reversible isothermal process. The differen-
tial of the free energy with respect to T is dF¼SdT. Thus,
with increasing temperature, the free energies of both the
CNS and its expanded formation decrease. But the free
energy of the CNS decreases slower because of its lower sys-
tem entropy. Therefore, there must exist a Tc at which the
two free energies are equal to each other (see Fig. 8(b) for
illustration). With a further increase in temperature, the free
energy of the CNS becomes larger than that of the planar
configuration, which consequently leads to the expansion of
the CNS.
We can also investigate the phase equilibrium to further
explore the mechanism of the temperature-induced unfolding
of CNSs. The temperature-induced expanding of CNSs could
be regarded as a phase transition from CNSs to the expanded
configuration, and Tc is the phase transition temperature.
Figs. 4 and 5 are the phase diagrams of temperature versus
length or width. Below a curve in Figs. 4 and 5, CNSs are
favored, whereas the expanded conformations are favored
above the curve. This is rather different from the previous
understanding that the stable state of the CNSs depends only
on the dimension of the geometry as in the static potential
energy analyses.5,6,15
The foregoing analysis of the existence of Tc of CNSs
can also be used to explain the expansion of FG, since FG
have less freedom in the phase space (X) than their expanded
formations because the atoms are additionally constrained by
the adjacent layer. In fact, collapsed CNTs with large diame-
ters can be viewed as closed-edged graphene.37 Therefore,
the mechanism of temperature-induced transformation
between collapsed and circular CNTs35,36 can be directly
used to explain the unfolding of FG.
VI. CONCLUSIONS
Thermal structural instability of carbon nano scrolls and
folded graphene is investigated by using MD simulations.
Although CNSs and FG with long lengths (more than
50 nm) are very stable, short CNSs and FG can expand into
their planar formations by a pure thermal perturbation at
high temperatures. We show that the temperature-induced
unfolding cannot be explained by a simple potential energy
analysis, and the intrinsic mechanism of the morphology
transformation and instability is attributed to the change of
the free energy of the system. Furthermore, the present study
suggests that the thermal effect should be considered in man-
ufacturing different structures with different geometries, and
using these conformations as nano-devices (e.g., temperature
alarms) in practical applications.
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